National Cholesterol Education Program make the concentration of low-density lipoproteins cholesterol (LDL-C) in serum the basis for the classification and treatment of hypercholesteroiemia. Numerous methodologies for the determination of serum LDL-C concentrations, in research and clinical laboratories, have been described. Here, we review the principles, performance, and limitations of major current methodologies for determining LDL-C concentrations. These methods include sequential and density-gradient ultracentrifugation, chromatographic and electrophoretic techniques, and precipitation methods. In addition, the advantages and disadvantages of estimating LDL-C concentration by the Friedewald equation, the most commonly used approach in clinical laboratories, are addressed.
On average, two-thirds of the total cholesterol in serum is carried by LDL. Each LDL particle contains one molecule of apolipoprotein B-100 (ape B-100), the main protein component of LDL. Other (12) and by Havel et al. (7) . Sequential ultracentrifugation provides a less complicated and relatively less expensive method than analytical ultracentrifligation, involving one or more successive ultracentrifugation steps, depending on the desired lipoprotein class separation (13) . In routine analyses, generally only a single ultracentrifugation step is performed, separating the plasma at its own density of 1.006 kg/L. The VLDL and chylomicrons float to the top after ultracentrifuging at 109 000 the mathematical curve resolution procedures to correct for incomplete separation. The incomplete separation may introduce a certain amount of variability to the results; the dilution problem, however, can be overcome with the use of very sensitive assays (25) .
The density-gradient ultracentrifugation methods, in turn, can be subdivided by rotor type: swinging bucket, vertical, and fixed angle. The swinging-bucket procedure provides excellent separation, but requires relatively long centrifugation times The newer generation of table-top ultracentrifuges may offer advantages over conventional floor models. Small quantities of sample can be used, the centrifugation time is much less than for normal ultracentrifugation and similar to that for the Airfuge, and the lipoprotein separation may be better than with the air-driven units (33, 34) . In addition, the costs of this equipment, although not trivial, are significantly less than those of the floor models. On the other hand, capacities are less than in conventional ultracentrifuges.
All of the ultracentrifugation procedures will have limited use in clinical laboratories. Regardless of the approach used, centrifugation will probably remain a specialty procedure. With the NCEP emphasis on using LDL-C concentrations as a basis for classification and monitoring treatment of dyslipidemias, an important future priority will be to develop methods for reliably determining LDL The development of methodologies based on highpressure liquid chromatography has alleviated some of these problems. High-pressure gel-ifitration chromatography provides a relatively rapid isolation of lipeproteins, and the individual lipeproteins obtained have been shown to be intact (based on chemical composition) and relatively free of contamination from other lipoproteins, on the basis of electrophoretic mobility, apolipoprotein patterns, and immunological criteria (42) . The isolation of ape B-100-containing lipeproteins by immunoaffinity chromatography was recently reported (47) . The LDL fractions can be further separated from the other ape B-100-containing particles by either gelifitration chromatography or ultracentrifugation.
The purification and characterization of bovine lipoproteins by heparin-Sepharose chromatography has been described (41). Heparin-Sepharose has a high affinity for ape B-100-and ape E-containing lipoproteins. Chylomicrons and VLDL are initially separated from LDL and HDL by gel-filtration chromatography. Because bovine HDL do not contain ape E, LDL fractions can then be separated from HDL by heparinSepharose. The lipoproteins of several species have already been characterized by heparin-Sepharose chromatography (41 Studies suggest that many of the electrophoretic methods do not achieve acceptable precision (60 (67) . Consequently, precise pH adjustment is not necessary. EDTA must be present to complex divalent cations, which favor precipitation of VLDL (67) . For triglyceride concentrations >3940 mgfL (>4.5 mmolIL), Kersher et al. (67) state that the PVS method sometimes gave falsely low results, with the frequency of low results increasing with increasing triglyceride concentration. 
Merieux, Charbonnieres les Bains, France). The precipitate is redissolved and its cholesterol content is measured directly or LDL-C is calculated as the difference between total cholesterol and the cholesterol concentration in the supernate.
This method was evaluated by Moss et al. (71) , who reported a good correlation with ultracentrifugation and electrophoresis, but the effects of serum triglycerides, VLDL remnants, or other lipoproteins were not presented. Mainard and Madec (72) found that the components precipitated from serum by the bio-Merieux procedure contained different relative concentrations of cholesterol, phospholipid, and ape B-i#{174} than did LDL isolated by sequential ultracentrifugation of serum, and concluded that the precipitated components were not truly LDL particles. Shaikh and Miller (73) reported that HDL do not coprecipitate, but that VLDL coprecipitate to some extent, even in normotriglyceridemic sera.
In Two studies included comparisons of all three precipitation methods (64, 66) , not only with a centrifugation method but also with the Friedewald calculation (discussed in detail below).
In comparison with density-gradient ultracentrifugation (66) , all three precipitation methods agreed well with either the ultracentrifugation method or the Friedewald formula, when serum triglyceride concentrations were <1750 mg/L (<2.0 mmolJL). However, when serum triglyceride concentrations exceeded that figure, the precipitation methods showed a significant positive bias, and the Friedewald formula correlated better with the ultracentrifugation method than did any of the precipitation methods.
Comparing the precipitation methods with a combination of ultracentrifligation at 1.006 kg/L and PEG 6000 treatment of serum (64) showed that, for sera with triglyceride concentrations <7000 mgfL (<8.0 mmol/L), the Friedewald formula agreed better with the ultracentrifugation method than did any of the precipitation methods: y = 1.02x -38.6 mg/L (0.10 mmolIL), r = 0.98. For Type ifi sera, all of the precipitation methods and the Friedewald method showed large positive biases. For Type V sera, none of the precipitation methods or the Friedewald formula consistently agreed with the centrifugation method.
Comments
The The three precipitation methods can be precise, and they produce LDL-C results that are accurate, relative to the Friedewald calculation (74) and to any ultracentrifugation method, when triglyceride values are low. However, because these precipitation methods exhibit the same shortcomings as does the Friedewald formula, they have been judged to be superfluous for laboratories that have accurate and precise assays for total cholesterol, triglycerides, and HDL-C (64) . The precipitation methods give inaccurate results when serum triglyceride values are high (indeed, they seem to be worse than the Friedewald calculation in that regard) and they give falsely high results in the presence of VLDL remnants. The precipitation methods, like most routine methods, do not distinguish between Lp(a) and LDL. Some caution would be required in estimating cardiovascular risk from the current epidemiological database when LDL-C measurements do not include other atherogemc particles that are normally included in that database. Although some investigators advocate including Lp(a) cholesterol with LDL-C, there is evidence that the two lipoproteins do have different prognostic significance and it may be beneficial to quantify and report them separately (75) .
Considering the importance of LDL-C with respect to the current clinical guidelines and the well-documented deficiencies of the common Friedewald formula (76, 77), methods for direct measurement of LDL-C would certainly be preferred. However, the chemical precipitation methods introduced to date do not appear to have substantial advantage over estimation, other than the fact that LDL-C can be obtained from two measurements rather than three. Specific immunoprecipitation methods, in which LDL particles may be separated not on the basis of buoyant density but rather on the basis of their characteristic apolipeprotein composition, offer promise for the future (67, 78).
Estimation of LDL-C by the FrIedewald Equation
In 1972, William Friedewald, Robert Levy, and Donald Fredrickson published a landmark paper (35) for estimating the concentration of LDL-C in plasma without use of the preparative ultracentrifuge. This paper included a formula for estimating LDL-C that has been popularly called the Friedewald formula. LDL-C concentrations in fasted serum or plasma are estimated from three measurements: total cholesterol, HDL-C, and total triglycerides. LDL-C is estimated from the Friedewald formula as follows:
LDL (35, 36, 77, (80) (81) (82) .
In some studies, the Friedewald equation tended to overestimate VLDL-C and underestimate LDL-C at higher triglyceride concentrations Both of these diagnostic tests require ultracentrifugal isolation of VLDL. It is also possible clinically to use whole serum to detect Type ifi hyperlipoproteinemia. Electrophoretic analysis of whole serum by both polyacrylaniide gel and agarose electrophoresis has been successful in detecting Type Ill and excluding non-Type III patients (83, 84 Table 2 summarizes the mean VLDL-C/serum triglyceride ratios reported by other investigators (35-37,80,82,90,91) for estimating LDL-C in both normal and hyperlipidemic populations. DeLong et al. For all of its simplicity and limitations, the 
